Concentrations and isotopic compositions of ethane and propane in cold, deeply buried sediments from the southeastern Pacific are best explained by microbial production of these gases in situ. Reduction of acetate to ethane provides one feasible mechanism. Propane is enriched in 13 C relative to ethane. The amount is consistent with derivation of the third C from inorganic carbon dissolved in sedimentary pore waters. At typical sedimentary conditions, the reactions yield free energy sufficient for growth. Relationships with competing processes are governed mainly by the abundance of H2. Production of C2 and C3 hydrocarbons in this way provides a sink for acetate and hydrogen but upsets the general belief that hydrocarbons larger than methane derive only from thermal degradation of fossil organic material.
L eg 201 of the Ocean Drilling Program was dedicated to the study of microbial life in deeply buried marine sediments (1, 2) . Cores were obtained from open-ocean sites in the Equatorial Pacific, where sediments deposited 40 million years ago are underlain by seafloor basalts through which oxygenated seawater is flowing, and from the Peruvian Margin, where drilling penetrated sediments up to 15 million years old ( Fig. 1 ). Temperatures in sediments ranged from 2°C to 25°C. All sites are isolated from reservoirs of fossil hydrocarbons. At both openocean and ocean-margin sites, treatment of sediments with strong base released ethane and propane (Fig. 2 ). When the treatment was repeated with fresh sediment and isotopically labeled water (␦D ϭ ϩ4000‰), no excess deuterium appeared in the ethane or propane. Therefore, we conclude that the hydrocarbons were strongly sorbed, indigenous constituents of the sediment and did not derive from a chemical reaction between the strong base and an organic substrate.
Earlier reports describe sediments offshore Peru (3) and Spitsbergen (4) , from which similar mixtures of hydrocarbons could be released by treatment with hot solutions of phosphoric acid. In each case, the carbon-isotopic compositions and abundance ratios (C 1 ͞C 2ϩ ) led to reluctant suggestions that the gases must be of thermogenic origin and thus have migrated into the unconsolidated seafloor sediments: ''the [postulated] migration of C 2ϩ hydrocarbons. . . is somehow related to these fluids [brines that might have flowed from one basin to another]'' (3); and ''. . . elevated seepages [of thermogenic hydrocarbons] occurred irregularly but are not currently active. . . it remains speculative whether the detected hydrocarbon anomalies are related to reservoirs and͞or active source rocks'' (4) . No mechanism for sorbing the putatively migrated hydrocarbons more strongly than indigenous microbial products has been offered.
Ethane and propane with similar isotopic characteristics and abundance ratios have recently been reported in Cretaceous marine shales in the Western Canadian sedimentary basin (5) . Previous work has also pointed to the existence of microbially mediated pathways that yield hydrocarbons with two or more carbon atoms (6) (7) (8) (9) (10) (11) (12) . In the present case, the occurrences of ethane and propane in each core are well correlated with pertinent biogeochemical factors and chances that migration could supply the ethane and propane are profoundly more remote. Accordingly, we explore the possibility that the gases are previously unrecognized products of the subsurface microbial community. greater depths. Intact prokaryotic cells are present in all sediments studied and chemical compositions of pore fluids indicate microbial activity at all depths (1, 2, 13) . DNA-and RNA-based culture-independent studies of the compositions of microbial communities in these sediments indicate the presence of diverse Archaea and Bacteria with largely unknown properties. Many of these phylotypes are apparently widespread in subsurface environments (14) (15) (16) (17) . The geochemical environments probed are highly diverse. Concentrations of organic carbon range from Ϸ0.1% at the open-ocean Sites 1226 and 1231 to 12% at near-shore Sites 1227-1230, underlying highly productive surface waters off Peru (18) . Concentrations of dissolved methane vary between sites by at least six orders of magnitude (1) (Table 1) . They account for 30-fold less carbon than methane at Site 1231 and still less at Sites 1227, 1229, and 1230. At all sites except 1230, the combined concentration of sorbed ethane and propane is comparable to or higher than the sum of dissolved, volatile fatty acids (1) .
Sites 1226 and 1231 are remote not only from continental sources of hydrocarbons but also from the active margin and thick piles of sediments ( Fig. 1 ). At these sites, relatively thin packages of cold, organic-lean sediment overly a basement through which oxygenated seawater circulates. The ethane and propane must have been produced in situ, and microbial catalysis is, by far, the most likely source. At Site 1231, where ethane and propane were detected in the top 47 mbsf (Fig. 2) , the concurrent presence of dissolved manganese, dissolved iron (1), and sorbed methane with ␦ 13 C of Ϫ57 to Ϫ65‰ ( Fig. 3 ), testifies to microbial activity in this sediment interval.
Similarly, at Site 1230, discrete maxima of both hydrocarbons were observed at specific sediment horizons and appear to be linked to microbial processes. Here, concentrations of ethane and propane are bimodally distributed, with peaks of Ϸ4 mol͞kg at the sediment surface and Ϸ8 mol͞kg at Ϸ250 mbsf. In the deep sediment interval, a relatively high proportion of the gases was dissolved in porewater rather than sorbed to the sediment because it was already detected by applying extraction protocols that are largely limited to dissolved gases (1) . The surface maximum is best explained by a coupling of hydrocarbon production with overall rates of microbial remineralization of organic carbon, which are typically highest close to the sedimentwater interface. The lower maximum coincides with an almost 3-fold decline of acetate concentration from 147 to 65 M between Ϸ207 and 253 mbsf (1) and probably represents another zone of increased hydrocarbon production. The up-and͞or downward decrease from these two zones of increased hydrocarbon production might then represent loss by diffusion or loss of sorbed hydrocarbons by slow desorption followed by consumption.
Proposed Reactions and Thermodynamics. Reactions 1 and 2 show how ethanogenesis and propanogenesis can provide sinks for two major products of fermentation, namely acetate and hydrogen. In this way, where energetically favorable, these processes can help to extend anaerobic microbial processes. The potential of acetate as a precursor of ethane, analogous to the role of CO 2 as the precursor of methane, was foreseen by Claypool in 1999. ‡ ‡
These processes are exergonic under conditions prevailing in a wide range of marine subsurface settings. Specifically, both processes are feasible under conditions that support methanogenesis and homoacetogenesis ( Fig. 4 ). Carbon-chain-elongation processes analogous to propanogenesis have been observed in fermentative communities, e.g., production of propionate from bicarbonate, acetate, and hydrogen (19) . The latter process is a six-electron reduction. Under conditions pertinent to these sediments, namely T ϭ 10°C, P ϭ 200 bar, [DIC] ϭ 10 mM, pH ϭ 8, and activities of 10 M for acetate and 100 nM each for propane, propanoate, and H 2 , its energy yield per electron transferred is identical to that in reaction 2, which requires a 12-electron reduction. This finding suggests that, under these conditions, formation of propane and of propionate are equally feasible.
Potential Habitats. Hypothetical sedimentary niches can be identified on the basis of thermodynamic constraints. Values of ⌬G for reactions 1 and 2 decrease by Ϸ0.5 and 1 kJ, respectively, for each 1°C decline in temperature; this favors colder settings like those encountered in the majority of Leg 201 sediments (2-20°C) . In the presence of sulfate, ⌬G for hydrogenotrophic sulfate reduction is generally more negative than that of reactions 1 and 2. Thus, the presence of ethane and propane, in addition to methane, in sulfate-bearing sediments such as the upper 10 m of Site 1230 and the sulfate-bearing Sites 1226, 1228, and 1231, suggests the existence of microenvironments in which competitive pressure for substrates is reduced and͞or sulfate reduction is inhibited. On the other hand, in sulfate-free sediments, reactions 1 and 2 may be energetically favored over other hydrogenotrophic or acetotrophic processes. Hydrogenotrophic methanogenesis will be more exergonic than reactions 1 and 2 in most sedimentary environments unless the porewater is saturated with methane as is the case in hydrate-bearing sediments. If the concentration of methane in porewater is 10 M (typical of sulfate-bearing, near-shore sediments off Peru; ref. 1), 2.1 nM H 2 will yield ⌬G ϭ Ϫ15 kJ for the reduction of CO 2 to methane, thus providing the minimum required for a biologically useful energy source (20) . At these conditions and with the acetate levels commonly observed in marine sediments, methanogenesis will be more exergonic than reactions 1 and 2 ( Fig. 4) . Thus, the coexistence of ethane and propane with methane and sulfate at low-methane Sites 1226 and 1231 suggests that the C 2 and C 3 hydrocarbons are cometabolic products. Alternatively, kinetic factors or levels of cofactors determine the importance of these reactions. In contrast, if the concentration of methane is 100 mM, a H 2 concentration of 21 nM is required for ⌬G ϭ Ϫ15 kJ for methanogenesis. At these or higher levels of H 2 , reactions 1 and 2 will be the energetically favored hydrogenotrophic processes over a wide range of acetate concentrations ( Fig. 4 ).
Ethanogenic and propanogenic organisms must compete with aceticlastic methanogens for acetate. The concentration of methane will be a determining factor. Over the range of acetate concentrations encountered at Leg 201 Sites, 1-200 M (1), concentrations of methane corresponding to ⌬G ϭ Ϫ15 kJ for aceticlastic methanogenesis will range from 85 M to 16 mM. In other words, at acetate concentrations of Ϸ1 M, as typically found at the near-shore Peru Margins Sites 1227-1229, the concentration of methane must be Ͻ85 M for aceticlastic methanogenesis to be a viable sink for acetate. However, the sulfate-free sediments at these sites contain generally high methane concentrations so that aceticlastic methanogenesis is unattractive from an energetic point of view. This finding is consistent with the ␦-values of methane, which suggest CO 2 reduction as predominant source (ref. 21 and Fig. 3 ). On the other hand, in low-acetate, low-methane sediments at Sites 1226 and 1231, aceticlastic methanogenesis is energetically feasible. A potential contribution of this process to the pool of methane is consistent with its generally higher ␦-values ( Fig. 3) . At the hydrate-bearing, high-acetate Site 1230, dissolved methane concentrations are probably too high for aceticlastic methanogenesis to be important. As shown in Fig. 4 , homoacetogenic reduction of CO 2 will only be competitive at low acetate concentrations.
As indicated by the stoichiometry, when concentrations of hydrogen are high, the value of ⌬G for propanogenesis can be more favorable than that for ethanogenesis. For example, for conditions used for the construction of Fig. 4, 70 A c e to g e n e si s Pr op an og en es is E th a n o g e n e s is Acetate (mol/Liter) concentrations of 1 and 10 M we obtain values of Ϫ30 and Ϫ24.5 kJ, respectively. At concentrations of hydrogen Ͼ70 nM, reaction 2 will be more exergonic than reaction 1. The frequently observed higher concentrations of propane relative to those of ethane ( Fig. 2 ) could reflect such high hydrogen concentrations.
Our knowledge of in situ concentrations of H 2 is limited. On the drill ship, incubation-based techniques that have been used successfully to measure concentrations of H 2 in microbially active surface sediments and soils (22) (23) (24) were applied to core samples at all Leg 201 sites (1) . Indicated concentrations of H 2 were generally very low, typically 1 nM and lower, and largely invariant despite enormous variations in microbial activities and geochemical conditions. For example, in deep sediments from the methane-hydrate-bearing Site 1230, in which geochemical evidence for in situ production of methane by reduction of CO 2 is strong, the indicated concentrations of H 2 are not high enough to allow this process to be exergonic (data not shown). This obviously incorrect result indicates that the onboard, incubationbased analyses of the samples recovered from the cores do not accurately represent the concentrations of H 2 available in situ. Consistent with this observation, analyses of H 2 in gas voids formed in core liners, and in gases released from the pressure core sampler at the hydrate-bearing Site 1230, suggest that in situ levels of H 2 were up to two orders of magnitude higher than indicated by the incubation technique (Leg 201 Shipboard Party, unpublished observations).
Isotopic Constraints. Isotopic compositions of methane in all samples point to microbial sources (Fig. 3 ). Relative to methane, ethane and propane are enriched in 13 C. The magnitude and variability of this enrichment are not characteristic of thermogenic natural gas (e.g., ref. 25) . Moreover, ethane and especially propane (Figs. 3 and 5B) are enriched in 13 C relative to ethane and propane in most natural gas (25) . Finally, the average molar ratio of ethane to propane is 1 (n ϭ 254, average ratios at Sites 1226-1231 range from 0.6 to 1.5, 17 Յ n Յ 66; see Fig. 2 and Table 1 ). This finding contrasts with the abundance ratios in thermogenic gas, where ethane is typically far more abundant than propane (27) . The high relative abundance of propane argues against a mechanism involving its selective degradation as explanation for the strong 13 C-enrichment relative to ethane (compare ref. 28) .
Abiotic production of hydrocarbons probably requires temperatures higher than and sedimentary compositions different from those encountered in sediments of the Equatorial Pacific and Peru Margin (compare refs. 29 and 30). McCollom and Seewald (29) produced hydrocarbons abiotically at 250°C. The isotopic compositions of ethane and propane were equal. In contrast, propane from the sorbed gases is significantly enriched in 13 C relative to coexisting ethane (Fig. 5B) . Given the variability of sediment sources at the Leg-201 sites, a scenario in which the ethane and propane were produced by hightemperature, abiological processes elsewhere, sorbed by mineral particles, and subsequently transported and deposited appears inconceivable.
The specific relationship between stable carbon isotopic compositions of ethane and propane can be accounted for by biochemical processes. A minimal reaction network is shown in Fig. 5A . The postulated addition of dissolved inorganic carbon (DIC) to C 2 * (acetate or a related intermediate) is supported by the observed enrichment of 13 C in propane relative to ethane. For this system, the expected relationship between isotopic compositions of propane and ethane is ␦ 3 ϭ 2␦ 2 ͞3 ϩ x, where x is a linear function of the isotope effects ( 2 , . . . , 6 ), ␦ DIC , and f 3 , the fraction of C 3 * flowing to propane. The system is open. Provided that times are long compared with the turnover times of C 2 * and C 3 *, it will evolve through a series of steady states. For any of these, independent of the isotopic composition of the input, ␦Ј 3 ϭ 2␦Ј 2 ͞3 ϩ x, where the primed variables refer to isotopic compositions of increments of carbon flowing to ethane and propane, respectively, and
Notably, x is independent of the branching ratio at C 2 *. If the reactions do not change, all of the isotope effects are constants and x depends only on ␦ DIC and f 3 . The presently observable values of ␦ 2 and ␦ 3 represent the integrated products of the evolving system whereas values of ␦ DIC represent the present steady state. The observed scatter of results is therefore not surprising, but the trends qualitatively support the postulated reaction pathways. For an extended treatment of the isotopic constraints of the reaction network, see Supporting Text  and Table 2 , which are published as supporting information on the PNAS web site. Assuming that the isotope effects associated with reduction, 2 and 3 , are larger than 5 and 6 , respectively, increasing values of x are associated with increasing values of ␦ DIC and͞or f 3 . In fact, higher values of x (see reference lines, Fig. 5B ) are associated with samples that have higher values of ␦ DIC (Table  2) . Conversely, lower values of x tend to be associated with samples containing higher concentrations of sulfate ( Table 2) . The latter should favor oxidation rather than reduction of C 3 * and thus minimization of f 3 . Notably, these relationships prevail over a wide range of concentrations (3-160 mM) and isotopic compositions (Ϫ20 to ϩ20‰) of DIC (D. P. Schrag, unpublished data, compare Table 2 ).
Values of ␦ 2 decrease linearly with log[acetate] (Fig. 5C ). Strikingly, the relationship pertains to concentrations of acetate varying by a factor of 10,000. It would be relatively easy to explain if the system were closed and acetate could be viewed as a reactant that was being consumed by some process with a normal isotope effect. In such cases, the ␦ value of the unconsumed acetate would increase linearly with declining values of log [acetate] . In this scenario: (i) Acetate, or some precursor molecule from which acetate is derived, is consumed by a process with a normal isotope effect. Its isotopic composition therefore follows the relationship shown in Fig. 5C . (ii) When that process stops, a portion of the residual acetate is converted to ethane. The isotopic composition of the ethane therefore monitors that of the residual acetate. This hypothetical sequence deserves attention because it is relatively simple and fits the observations so perfectly. Only further study can determine whether it should be discarded, modified, or accepted.
In an open system, the relationship summarized in Fig. 5C might indicate mixing of ethane from two sources, with the mixing ratio somehow related to log[acetate]. There are, for example, two processes, fermentation and homoacetogenesis, which produce isotopically distinct acetate (31, 32) . The resulting variations in ␦ acetate would, after reduction of the acetate to produce ethane, appear as variations in ␦ 2 . The processes might be complementary because fermentation produces H 2 and acetogenesis consumes it. A logarithmic dependence on [H 2 ] would be expected because relative rates of metabolic processes in marine sediments often depend on their respective free energy yields (33) . To obtain the relationship in Fig. 5C it is then required that the concentration of acetate monitors that of H 2 . Again, further study is required.
Sorbtion of Ethane and Propane. The combination of low concentrations of ethane and propane in interstitial water and the requirement to use strong base to release them suggests that these hydrocarbons, including methane and sometimes also their larger homologues, were adsorbed to hydrophobic siloxane patches within the interlayer region of clay minerals (34) . Expandable clay minerals such as smectite are common constituents of marine sediments and are considered important host phases of organic carbon (35) and potential nucleation sites for gas hydrates (36) .
Conclusion
Previous studies have provided independent lines of evidence in support of biologically mediated pathways leading to gaseous hydrocarbons other than methane (6 -12) . Previous work had focused mostly on ethane and demonstrated that (i) certain methanogenic archaea (7) may be capable of ethane production, (ii) ethylated Coenzyme M (ethyl-S-CoM) can play a mechanistic role (7) , and (iii) ethanethiol can serve as a substrate (9) . However, propanethiol could not be confirmed as substrate for propane production (9) , and mechanisms for its biological production are not known. In connection with the evidence presented here, this finding implies that multiple substrates and mechanisms are associated with the formation of hydrocarbons.
Although concentrations of biogenic ethane and propane are low, the likely significance of these compounds is great. Specifically, they signal the presence of an additional process, probably significant in many environments, for extending the terminal degradation of organic material.
Materials and Methods
All sediments studied were recovered during Leg 201 of the Ocean Drilling Program (1) . Details of the sampling and analysis of hydrocarbon gases are reported elsewhere (37) and in Supporting Text.
Concentrations of Hydrocarbon Gases. In brief, hydrocarbon gases were analyzed by using a headspace technique. Three-ml subcores of fresh sediment were taken immediately after core recovery on the catwalk and placed in headspace vials containing 5 ml of 1 M NaOH. Mixtures were shaken for 1 h; afterward the sediment and the NaOH solution had typically formed a slurry. Sampling of the headspace with a gas-tight syringe was performed at least twice within 4 months after core retrieval. Analysis of the hydrocarbons was performed with a Hewlett Packard 6890 gas chromatograph equipped with a stainless steel column packed with HayeSep S (100 -120 mesh) and equipped with a f lame ionization detector (FID). Gas chromatography onshore used a Hewlett Packard 5890 gas chromatograph equipped with Poropak-Q column. A calibration resulting from injection of known quantities of hydrocarbon gases was applied to calculate the molar fraction of ethane and propane in the gas mixture. Further details can be found in Supporting Text. Isotopic Compositions. Headspace gas samples were sampled by using a 1,000-l gastight syringe and injected into a six-port 2-position valve with a 500-l external loop upstream of a Gerstel CIS-4 injector on an HP6890 gas chromatograph that was operated in split mode. The split ratio was adjusted to optimize the signal intensity, typically between 0.1 and 1.0. Gaseous hydrocarbons were separated on a 30 m ϫ 0.3 mm ID Alltech AT-Q column with helium carrier gas f low of 3.0 ml͞min. The column temperature was programmed from 50°C with a 2-min hold at 50°C per min to 240°C. An integral fused silica combustion system (38) at 950°C converted all organic components to CO 2 . Isotopic data were acquired and processed on a Finnigan MAT Delta Plus isotope-ratiomonitoring mass spectrometer using the Isodat NT data package. Overall system accuracy was confirmed to be better than 1‰ based on a standard with ethane and propane in helium at 1,000 ppm (nominal). The standards had been independently analyzed by Isotech (Champaign, IL). Thermodynamic Calculations. The standard free energies (⌬G°) of acetotrophic ethanogenesis and propanogenesis were calculated by using SUPCRT92 (39) and thermodynamic data from Shock and Helgeson (40) for a pressure of 20 MPa and temperatures as measured in the boreholes (1) . The free energy of reactions at nonstandard conditions (⌬G) was calculated according to ⌬G ϭ ⌬G°ϩ RT ln Q, where Q is the activity quotient of the reactants and reaction products. For reaction 2, for example, Q ϭ [a propane(aq) ϫ a 5
H2 O]͞[a acetate(aq) ϫ a HCO3-ϫ a 6 H2(aq) ϫ a 2 Hϩ ]. R is the gas constant, and T is the temperature in Kelvin. For the construction of Fig. 4 , the dependency of aqueous acetate activity on H 2,aq activity was calculated for constant ⌬G R values of 0 and Ϫ15 kJ͞mol, assuming pH ϭ 8, a HCO3-ϭ 10 mM, a ethane ϭ a propane ϭ 20 nM, and T ϭ 20°C and using 
[4]
Testing for Analytical Artifacts with D-Labeled Water. To exclude the possibility that ethane and propane were formed by reaction of strong base and an organic substrate, fresh samples of sediments were reanalyzed in the presence of D-labeled water. Under the conditions used (details in supporting information), the value of ␦D in the propane would have been greater than ϩ500‰ vs. standard mean ocean water if one of the H atoms derived from the reagents. The observed values instead averaged Ϫ135‰, indicating that the propane was not formed by a chemical reaction associated with the analyses.
